Introduction {#s1}
============

Gastroparesis is a cause of significant morbidity and diminished quality of life for more than 4 million Americans and almost 4% of the population, with a female/male ratio of 4:1 \[[@R01], [@R02]\]. Although multiple conditions have been associated with gastroparesis, the majority of cases are idiopathic gastroparesis (IG) (etiology unknown) and diabetic gastroparesis (DG), each accounting for about one-third of all gastroparesis cases \[[@R03]\]. Patients with gastroparesis experience increased length of hospital stay and high total hospital costs, compared to patients with other gastric disorders including gastritis, gastroesophageal reflux disease, and gastric ulcer, resulting in a major economic burden to society \[[@R04]\]. Moreover, the incidence of hospitalizations due to gastroparesis increased 158% from 1995 to 2004.

Normal gastrointestinal motor function is comprised of a complex series of events that requires coordination of the sympathetic and parasympathetic nervous systems, neurons and pacemaker cells (called interstitial cells of Cajal) within the stomach and intestine, and the smooth muscle cells of the gut \[[@R02]\]. Abnormalities of this process are postulated to underlie the mechanisms of gastric stasis, namely gastroparesis. Its cardinal features are recurrent symptoms of upper gut motor dysfunction, nausea, vomiting, bloating, early satiety, and discomfort \[[@R05]\]. Weight loss, dehydration, electrolyte disturbances and malnutrition may develop in severe cases.

With the global rise in obesity-related diabetes, gastroparesis is being increasingly recognized in diabetes. In addition, diabetic autonomic neuropathy is a well-recognized entity \[[@R06], [@R07]\]. However, the role of autonomic dysfunction in gastroparesis is not clearly defined. Other factors operating in DG may include impaired neurotransmission, increased oxidative stress, loss of insulin-like growth factor-1 (IGF-1) as well as damage and loss of the interstitial cells of Cajal \[[@R08], [@R09]\]. The pathogenesis of gastroparesis remains multifactorial and poorly understood, in part because of a lack of comprehensive mechanistic human studies.

The purpose of the current study was firstly to determine if autonomic dysfunction plays an etiologic role in the development of two major forms of gastroparesis, DG and IG, and secondly to investigate whether measures of autonomic function differed between patients with DG and patients with IG.

Patients and Methods {#s2}
====================

Patients {#s2a}
--------

Patients with symptoms of DG and IG were recruited from the University of Tennessee, Memphis. No patients had previous gastric surgery. The Institutional Review Board of the University of Tennessee, Memphis, approved the study.

We defined patients with gastroparesis as having prolonged, recurrent symptoms of upper gut motor dysfunction, such as nausea, vomiting, and abdominal pain, with delayed gastric emptying, and absence of structural abnormalities of the gastrointestinal tract. Diabetic patients with gastroparesis were regarded as having DG. Patients with gastroparesis who did not have diabetes, a history of gastric surgery or an identifiable cause of gastroparesis were regarded as having IG.

Methods {#s2b}
-------

For patients meeting criteria for DG or IG, we recorded age, sex (male/female), patient-reported race (Caucasian/African-American) and duration of symptoms prior to initial assessment. We assessed autonomic function in all patients during daylight hours using two measures of adrenergic function, and one measure of cholinergic function. Hathaway et al. have described these tests in detail \[[@R10]\].

### Sympathetic adrenergic assessment {#s2b1}

We assessed sympathetic adrenergic function by calculating the postural adjustment ratio (PAR) and the percentage of reflex vasoconstriction to cold (VC%). The PAR and the VC% were obtained by measuring changes in the peripheral circulation using capillary photoplethysmography. The PAR was determined while the patient was sitting. The patient's left hand and arm rested at a 45° angle above heart level on a comfortable chair armrest for about 5 min. After recording stable peripheral blood flow, the patient was asked to drop the arm down freely, next to the side of their chair, without touching or holding anything for 1 min. The change in blood flow was then calculated and reported as the PAR. Next, the patient's hand was immersed in cold water (14 °C) for 1 min, and blood flow was measured in the opposite hand. The percentage change in blood flow from baseline was reported as the VC%.

### Vagal cholinergic assessment {#s2b2}

Vagal cholinergic measures were determined using the R-R interval percentage variation (RRI-PV) as elicited by respiratory maneuvers. This was determined by measuring varying heart rates during respiration. The patient was placed in a supine position, with instructions to breathe deeply in-and-out for about six cycles per minute. During deep inhalation, the maximum heart rate was recorded; during deep expiration, the lowest heart rate was recorded. The percentage change in heart rate with respiration (RRI-PV) was calculated by subtracting heart rate during inspiration from the heart rate during expiration, divided by heart rate with expiration (RRI-PV = (RRI expiration - RRI inspiration)/RRI expiration) × 100.

Statistical analysis {#s2c}
--------------------

We analyzed data using statistical software Stata 10.0 (Texas, USA) and Graphpad Prism 5.0b. Most variables were right (non-normal) skewed but had normal distributions with logarithmic transformation (Shapiro-Wilk test) (Supplementary Table 1, www.gastrores.org); we described these variables using medians and interquartile ranges (IQRs). Proportions were calculated for categorical variables and described using 95% confidence intervals (CIs). We used Fisher's exact test to determine which categorical variables differed significantly between patients with DG and IG. Similarly, we used the Wilcoxon rank sum tests to determine which continuous variables differed significantly between patients with DG and IG. Variables with a P-value \< 0.2 were incorporated into our linear regression analysis to explore the relationships of these variables across the two forms of gastroparesis. A backward stepwise linear model was proposed to quantify these relationships; this model was reported using adjusted odds ratios (aORs) and 95% CIs. We fitted the model using the likelihood ratio, which was logarithmically transformed to generate the Chi-squared statistic.

Results {#s3}
=======

Baseline characteristics {#s3a}
------------------------

We enrolled 20 patients with DG and 21 patients with IG ([Table 1](#T1){ref-type="table"}). Most participants were Caucasian (DG: 17/20; IG: 18/21), female (DG: 14/20; IG: 14/21), and middle-aged (DG median age: 42 years (IQR: 33 - 52); IG median age: 37 years (IQR: 33 - 42)). The median duration of symptoms prior to presentation was greater in patients with IG (median 33 months, IQR: 15 - 60) compared to patients with DG (median 15 months, IQR: 12 - 24, P = 0.03).

###### Baseline Characteristics of Patients With Diabetic Gastroparesis (DG) and Patients With Idiopathic Gastroparesis (IG)

                                                    DG (n = 20)     IG (n = 21)      P-value
  ------------------------------------------------- --------------- ---------------- ----------
  Female sex, n (%)                                 14 (70%)        14 (67%)         1.000
  Age in years, median (IQR)                        42 (33 - 52)    37 (33 - 42)     0.108
  Race (white), n (%)                               17 (85%)        18 (86%)         1.000
  Symptoms duration in months, median (IQR)         15 (12 - 24)    33 (15 - 60)     0.030
  Percentage vasoconstriction, median (IQR)         45 (26 - 84)    84 (69 - 98)     0.005
  Postural adjustment ratio (PAR), median (IQR)     16 (11 - 27)    27 (15 - 44)     0.046
  Vasoconstriction and PAR, median (IQR)            57 (39 - 106)   111 (92 - 127)   0.002
  R-R interval percentage variation, median (IQR)   8 (5 - 15)      33 (23 - 51)     \< 0.001

P \< 0.05 considered significant. IQR: interquartile range.

Measures of autonomic function {#s3b}
------------------------------

In univariate analysis, all four measures of autonomic function differed significantly between DG and IG ([Table 1](#T1){ref-type="table"}). These measures included VC (P = 0.005), PAR (P = 0.046), VC + PAR (P = 0.002), and RRI-PV (P \< 0.001). The following variables were entered into a linear regression model: VC, PAR, VC + PAR, RR-IPV, age, and duration of symptoms (P \< 0.2). Using our linear regression model (P = 0.002, R^2^ = 0.548), only RRI-PV differed significantly between patients with DG and IG (aOR: 1.02, 95% CI: 1.01 - 1.03, P = 0.001) ([Table 2](#T2){ref-type="table"}). The median RRI-PV among patients with DG was 8 (IQR: 5 - 15), compared to the median RRI-PV among patients with IG, which was 33 (IQR: 23 - 51) ([Fig. 1](#F1){ref-type="fig"}).

###### Linear Regression Model of Variables Associated With Diabetic Gastroparesis, Compared With Idiopathic Gastroparesis

                                      P-value   aOR    95% CI
  ----------------------------------- --------- ------ -------------
  Age                                 0.923     NS     \-
  Percentage vasoconstriction (VC%)   0.736     NS     \-
  Postural adjustment ratio (PAR)     0.742     NS     \-
  VC% and PAR                         0.83      NS     \-
  R-R interval percentage variation   0.001     1.02   1.01 - 1.03
  Symptoms duration                   0.597     NS     \-

P \< 0.05 considered significant. Linear regression model: P = 0.002, R^2^ = 0.548.

![Density distributions comparing the percentage R-R interval variation between patients with diabetic gastroparesis and patients with idiopathic gastroparesis.](gr-09-065-g001){#F1}

Discussion {#s4}
==========

The etiopathogenesis of gastroparesis is largely unknown, but has been attributed to various factors, such as disorders of autonomic function and neurotransmission, increased oxidative stress, loss of IGF-1, as well as damage and loss of the interstitial cells of Cajal \[[@R08], [@R09]\]. In this study, we explored autonomic measures among gastroparesis and found that vagal cholinergics were dysfunctional in patients with DG, but not in those with IG. Our finding suggests that abnormal vagal tone is not a common mechanism for gastroparesis.

In this study, we assessed patients with DG and IG, the two largest subgroups of patients that comprise gastroparesis. These patients were meticulously assessed and characterized, and alternate causes of gastroparesis were excluded. Patients with post-surgical gastroparesis (with vagotomy or damage to the vagus nerve) were not included in our study. It is logical to conclude that measures of vagal cholinergic function would be impaired in patients with post-surgical gastroparesis.

We observed that RRI-PV among DG and IG was 8 and 33, respectively. Measures of cardiovascular autonomic neuropathies were utilized as surrogates for markers of gastrointestinal autonomic neuropathies in our study. Cardiac autonomic neuropathy, gastric autonomic neuropathy and peripheral neuropathy are closely related, and R-R interval variation during deep breathing is a good indicator of diabetic gastropathy \[[@R11]\]. Cardiovascular autonomic neuropathies are the most clinically important form of diabetic autonomic neuropathy \[[@R07]\] and are typically measured by RRI-PV, PARs and the VC%.

Our finding that RRI-PV was impaired in DG may explain why a prior randomized controlled trial showed gastroesophageal stimulators were almost exclusively of benefit to patients with DG rather than those with IG \[[@R12]\]. Gastric mucosal nerves from diabetic subjects typically have reduced density and abnormal morphology compared to control subjects \[[@R13]\]. Moreover, histologic abnormalities in patients with DG and IG are heterogeneous and include myenteric inflammation, decreased innervation, and reduction of interstitial cells of Cajal \[[@R14]\].

Of interest is the preponderance of women with gastroparesis in our study. In two large investigations, over 80% of patients with gastroparesis were female \[[@R12], [@R15]\]. This female preponderance is generally attributed to women having delayed gastric emptying compared to men \[[@R16]\], which may be mediated by differences in ovarian hormones \[[@R17]\] or altered enteric neural conduction and propulsion. Complex interactions exist between the enteric, autonomic and central nervous systems. Future studies may better characterize the exact nature of these interactions, and their relationship to the pathogenesis of gastroparesis. Moreover, besides post-viral illnesses \[[@R18], [@R19]\] and gastroesophageal reflux, the etiology of IG is largely unknown. Further studies may determine the etiopathogenesis of gastroparesis in terms of differences in autonomic function between DG and IG patients.

The strength of this study is to better quantify the autonomic differences between diabetic patients and those without diabetes. The limitation of the current study is the relatively small sample number; large-scale studies are still needed.

Conclusion {#s4a}
----------

Vagal cholinergics are affected to a greater degree in DG, compared to IG, suggesting that vagal tone is not a universal mechanism for gastroparesis.
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